An increase in left ventricular volume after a myocardial infarction is a key component of the adverse remodelling process leading to chamber dysfunction, heart failure and an unfavourable outcome. Hence, the therapeutic strategies have been designed to reverse the remodelling process by medical therapy, devices or surgical strategies. Surgical ventricular reconstruction primarily combined with myocardial revascularization has been introduced as an optional intervention aimed to reduce the left ventricle through resection of the scar tissue and is recommended in selected patients with predominant heart failure symptoms, and with myocardial scarring and moderate left ventricular remodelling. This review outlines the rationale and the technique for reconstructing the left ventricle and the possible indications for using that technique, based on experiences from the centre with the largest international experience. The major contributions in the literature are briefly discussed.
INTRODUCTION
Despite advances in diagnosis and treatment, heart failure (HF) remains a substantial cause of death and disability [1, 2] , driven mainly by the causal role of coronary artery disease (CAD) in the development of left ventricular (LV) dysfunction [3, 4] . The improved survival after myocardial infarction (MI) has led to an increase in the percentage of people at risk of developing HF: 22% of men and 46% of women develop HF within 6 years after acute MI. HF, in turn, is related to adverse remodelling, defined as an increase in LV volume and changes in geometry, standing therefore as the main target of the possible therapeutic interventions [5] . To this end, surgical treatments include myocardial revascularization, mitral valve repair or replacement and surgical ventricular reconstruction (SVR) combined depending on the specific conditions [6] .
SVR is considered a possible therapeutic strategy designed to reduce the left ventricle through resection of the scar tissue. It is recommended in selected patients with HF in centres with expertise.
POSTINFARCT LEFT VENTRICULAR ADVERSE REMODELLING AND THE RATIONALE TO REVERSE IT
LV adverse remodelling refers to an alteration in the ventricular architecture as a response to a myocardial injury, and it is associated with increased mass and volume and altered geometry affecting cardiac function [7, 8] . LV adverse remodelling involves both the infarcted and non-infarcted myocardium as a consequence of increased wall stress [9] , and, on a histological level, is driven by a combination of myocyte hypertrophy and apoptosis and differentiation of pre-existing local fibroblasts in myofibroblasts that, when activated, serve as the primary collagen-producing cells promoting fibrosis within the scar (i.e. replacement fibrosis) [10] . The subsequent evolution is related to the balance between extracellular matrix synthesis and degradation, meaning that poor extracellular matrix maintenance is responsible for scar expansion, thinning of the infarcted zone and initial dilatation in patients who are likely to develop HF [10] . In the early stage, LV dilatation might function as a compensatory mechanism in an effort to maintain stroke volume because the ejection fraction (EF) declines after loss of contractile tissue [9] . However, most often the remodelling process involves the remote, non-infarcted regions, mainly driven by eccentric hypertrophy, which in turn is responsible for increased mass, further chamber enlargement and geometric distortion [10] (Fig. 1) . The decline in global ventricular function is related to a reduced performance of the hypertrophied myocytes, along with increased neurohormonal activation, extracellular matrix remodelling and collagen synthesis within the non-infarcted zone that may foster further LV dilatation and concomitant onset of signs and symptoms of congestive HF [7] [8] [9] [10] .
The goal of ventricular reconstruction is to resect the scar tissue, with concomitant reduction of the ventricle to a more physiological volume and to an elliptical shape. The reduction in chamber radius decreases myocardial systolic and diastolic wall stresses according to Laplace's law and has the potential to induce reverse remodelling, which in turn enhances cardiac function [11] .
When indicated, coronary artery bypass grafting (CABG) combined with SVR is used to treat the underlying CAD. It should be noted that the regions far from the scar tissue, the abovementioned remote regions, may be ischaemic but viable, depending on the extent of the CAD. In this case, a myocardial revascularization that is as complete as possible has the potential to promote functional recovery.
Finally, secondary mitral regurgitation (MR) may occur in the setting of postinfarct LV adverse remodelling as a result of chamber dilatation and distortion (Fig. 2) , both of which promote displacement of the papillary muscles with leaflet tethering and annular dilatation, depending on the site of the remodelling (anterior versus posterior) [12] . SVR either allows the surgeon to repair the mitral valve at the time of the LV opening or the procedure per se has the potential of improving valve competence by reducing LV volumes and papillary muscle distance or of decreasing internal diameters (especially in case of posterior remodelling) [13, 14] .
SURGICAL VENTRICULAR RECONSTRUCTION TECHNIQUE
The surgical procedure has been described in detail in Ref. [15] . The operation is performed under total cardiac arrest with antegrade crystalloid cardioplegia. First, coronary revascularization is performed with both internal mammary artery and sequential venous grafts, when indicated [15] .
The surgical technique for the reconstruction of the ventricle has been refined over more than 20 years of experience and today the approach is tailored mainly according to the site of the remodelling and the occurrence of MR.
The technique for anterior remodelling
The ventricle is opened at the middle of the scar on the anterior wall, with an incision parallel to the left anterior descending artery, starting from the mid portion and proceeding towards the apex. Thrombi are removed if present. After a careful identification of the transitional zone between scarred and non-scarred tissue, a mannequin (TRISVR TM , Chase Medical, Richardson, TX, USA) is inserted into the LV chamber and filled with saline. The mannequin was introduced in 2001 to make the surgical procedure as standardized as possible. The mannequin is available in different sizes ranging from 80 ml to 150 ml. The selection of the appropriate size depends on the body surface area of the patient and on the degree of dilatation at the base of the ventricle. To this purpose, the internal LV diameter measured above the papillary muscles and below the mitral valve at end-diastole must be previously indicated to the surgeon. The mannequin has a conical shape: the base is positioned below the mitral annulus and the apex, towards the portion of the cavity that should be excluded. The mannequin is useful as a shaper to reconstruct the apex and as a sizer to preserve the long axis of the ventricle to between 7.5 cm and 8.5 cm. Indeed, the excessive shortening of the longitudinal axis can cause sphericalization of the residual cavity, which in turn is associated with a worsening of diastolic function and recurrence or new occurrence of MR at follow-up. If the remodelling process also involves the inferior wall, a plication of the distal portion is performed to optimize the shape and the position of the new apex. The exclusion of scar tissue is performed through an endoventricular circular suture passed in the transitional zone. The final shape of the ventricle is expected to be elliptical (Fig. 3) . The mannequin is deflated and removed before the ventricle is closed. The opening is closed with a direct suture if it is less than 3 cm or, until recently, with a synthetic patch if it is greater than 3 cm. In the last 3 years, the patch was discontinued mainly because the pattern of LV remodelling has changed, probably as a consequence of the increasing numbers of percutaneous interventions in the acute setting of an MI: the classical dyskinetic aneurysm with a clear zone of transition between scarred and remote, non-infarcted myocardium almost disappeared along with increased evidence of more eccentric LV shapes with large akinetic regions. In the latter case, the shaper is crucial in guiding the LV reconstruction; avoiding the patch allows the surgeon to optimize the final shape.
In the presence of significant MR, the mitral valve is repaired through the ventricular opening with a double-armed suture running from 1 trigone to the other, embedding the 2 arms in the posterior anulus of the mitral valve. Usually, the suture is reinforced with a Teflon strip to avoid tears of the posterior leaflet of the valve. When the LV opening is not big enough to have a good exposure of the mitral valve, the surgeon may consider a restrictive mitral annuloplasty with a ring implant as described in detail in Ref. [24] .
However, in presence of extensive anterior LV remodelling with an internal diameter greater than 65 mm, valve replacement is sometimes preferred to reduce the rate of recurrence of MR.
The technique for posterior remodelling
Posterior remodelling can occur either with the most common aneurysm that produces a bulging of the inferior wall or with a more global LV dilatation, which occurs as a consequence of an extended scar, usually included either between the 2 papillary muscles or between the posteromedial papillary muscle and the posterior septum (Figs 4 and 5, respectively) . The classical aneurysm is excluded with a patch to close the neck of the dilatation. In presence of a more extensive posterior remodelling, the surgical approach is more complex, as we described in detail in Ref. [15] . 
PATIENT SELECTION: THE FIRST STEP TOWARDS THE RIGHT INDICATION
The decision to carry out the SVR stems from an accurate clinical evaluation of patients who have had a previous MI, combined with an imaging and laboratory workup designed to obtain accurate measurements of the LV geometric and haemodynamic parameters, a complete evaluation of the mitral valve apparatus, assessment of the scar tissue and of the viability of regions remote from the scar and measurements of circulating biomarkers.
A complete echocardiographic evaluation is the first step in patient selection, providing accurate information about wall thickness, systolic and diastolic chamber dimensions and volumes and global cardiac function [16] . Deformation imaging using 2-dimensional speckle-tracking echocardiography has emerged as a powerful technique for quantifying myocardial function [17] . Whereas the EF suffers from the multicollinearity as a parameter derived from volumes, myocardial strain, assessed by STE, has been found to improve prognostic risk stratification [17] . Furthermore, in recent years, 3-dimensional speckletracking echocardiography has been implemented for measuring 3-dimensional strain [18] and has emerged as a more physiological tool to analyse the complexity of LV mechanics, with the potential to become the gold standard for assessing LV systolic function by echocardiography in the near future (Fig. 6 ). However, a major limitation of 2-dimensional speckle-tracking echocardiography and 3-dimensional speckle-tracking echocardiography is their reliance on a good acoustic window and quality data sets and on patient cooperation for breath holding, limiting its feasibility in a significant proportion of routine patients.
Cardiac magnetic resonance (CMR) is nowadays the gold standard imaging technique for planning the surgical procedure when not contraindicated [19] . CMR permits the assessment of LV and right ventricular structures and function and has the advantage of being able to examine ventricles of any size and shape. CMR has the additional ability to detect myocardial scar with late gadolinium enhancement (LGE) and to assess the thickness and function of the remaining non-enhanced myocardial tissue, which may be ischaemic but viable, likely for functional recovery after CABG or non-ischaemic but dysfunctional because of the increased wall stress and likely for functional improvement after volume reduction obtained through SVR [20] . Lastly, CMR has the potential to predict the lack of LV functional recovery after SVR when myocardial fibrosis is also detected in the remote regions, especially at the level of the basal segments [21] . In agreement with this observation, our group recently showed that the presence of LGE in the proximal anterior LV segments is associated with a poor response to SVR [meaning a higher postoperative LV end-systolic volume index (LVESVI)], which in turn affects survival, whereas the LGE extension is apparently not associated with the outcome [22] .
Major limitations at this time include the need to exclude patients with pacemakers or devices for cardiac resynchronization therapy and the poor quality of images in patients with significant arrhythmia or severe shortness of breath.
According to our experience, the indications for SVR-one does not exclude the other-may be summarized as follows:
• Previous anterior or posterior MI;
• LVESVI >60 ml/m 2 : small ventricles have a higher likelihood for diastolic function worsening [23] ;
• Regional LV asynergy, either dyskinetic or akinetic: in the presence of severe and diffuse LV asynergy, the procedure should be performed only if regions remote from the scar show detectable contraction, as indicated by CMR when feasible [24] ; • Predominant HF symptoms [New York Heart Association (NYHA) functional class III/IV] or in the presence of ventricular arrhythmias and/or angina needing surgical revascularization if the previous conditions are present [24] .
Suggested contraindications
• Severe dysfunction of the right ventricle (absolute), as previously reported by our group [25] ; • Severe diastolic dysfunction (defined as E/A ratio >2) likely associated with high functional class and MR (absolute) [26] . 
WHAT WE HAVE LEARNED FROM THE PAST
Prior to the year 2000, the largest contribution in the literature came from Dor's group, who showed that SVR improves LV systolic function, NYHA functional class and survival by a reduction in ventricular volume and an increase in EF, not only in patients with classic dyskinetic aneurysm but also in those with dilated ischaemic cardiomyopathy and severe LV dysfunction [27] . After that, a large number of reports, resulting mainly from observational studies, have shown that SVR is effective and relatively safe, with a favourable 5-year outcome [26, [28] [29] [30] . The STICH trial was specifically designed to investigate the role of CABG combined or not with SVR in patients with HF with LV systolic dysfunction (defined as EF < _35%) [31] . The trial did not show an additional survival benefit in the SVR group, although a significantly greater reduction in LVESVI was noted with the combined procedure. The relatively small percentage in LVESVI reduction observed in the combined group raised concerns about the extent of the SVR procedure that was used in this trial, meaning either that the selected ventricles were too small or that the volume reduction was inadequate. Our group hypothesized that the results of the STICH trial were related to a poor reduction in volume, provided that the preoperative volume had been properly selected, without changing the outcome between the 2 groups [32] . Witkowski et al. [33] confirmed the importance of a 'target volume' to be achieved with this surgery; they showed that a residual postsurgical LVESVI of at least 60 ml/m 2 was independently associated with a favourable outcome. Later, a post hoc analysis from the STICH trial showed that a postoperative LVESVI of 70 ml/m 2 or lower resulted in improved survival compared with CABG alone [34] . In agreement with these results, the just-released guidelines on myocardial revascularization (European Society of Cardiology/European Association for Cardio-Thoracic Surgery), recommend SVR at the time of CABG in selected patients operated on in centres with a high level of surgical expertise (class of recommendation IIb; level of evidence B) [35] . The STICH trial was strongly criticized [36] . In short, we believe that the main limitation of this trial relates to the heterogeneous population of patients enrolled, with moderate symptoms of either angina and HF, small volumes, without clear evidence of scar tissue (LGE/magnetic resonance imaging was not mandatory), more representative of the real world of ischaemic patients with low EF.
Surgical ventricular reconstruction and mitral valve surgery
Secondary MR may occur as part of the LV remodelling process and may adversely affect the prognosis [37, 38] (Fig. 2) . As a disease of the left ventricle, chronic ischaemic MR occurs more frequently in patients with inferior MI (50-60% vs 20-25% of patients with anterior MI), and for those with postinfarct congestive HF, life expectancy is significantly reduced [38] . In our centre, we perform MV repair at the time of SVR and CABG in about 30% of patients [39] . According to our experience, in patients with previous inferior MI, MR is mainly related to a localized inferobasal LV remodelling, which in turn causes lateral displacement of the posteromedial papillary muscle, increase in the internal diameter and mitral valve posterior leaflet tethering.
Conversely, in patients with previous anterior MI, MR occurs mainly in the setting of global LV dilatation and severe dysfunction, reflecting a more advanced stage of disease, with apical displacement of pupillary muscles causing tethering of both mitral valve leaflets [15] . From a retrospective analysis, we showed that preoperative severe MR was an independent predictor of late mortality in the anterior group but not in the posterior one [40] . However, regardless of the specific mechanism, we found an acceptable long-term survival for this challenging population, despite a high operative mortality rate (14.3%), still comparable with other series reported in the literature [39] .
NEW INSIGHTS
N-terminal pro-B-type natriuretic peptide profile and the challenge of surgical reverse remodelling Natriuretic peptides are increased in patients with HF and correlate well with ventricular wall stress and the severity of the HF. The concept behind SVR is that the exclusion of the infarcted scar tissue from the LV cavity and the related reduction of the volume improve cardiac function through a reduction of LV wall stress of the remote region [11, 27, 30] . To verify a possible role of natriuretic peptides in supporting the surgical procedure or in monitoring patients even after surgery, we recently investigated the role of serial measurements of N-terminal pro-B-type natriuretic peptide levels in patients with ischaemic HF undergoing SVR as reported in detail in Ref. [41] . We showed that the concentration of the biomarker significantly decreased at the postoperative follow-up examination, along with volume reduction and EF improvement [41] . Furthermore, time-varying N-terminal pro-B-type natriuretic peptide levels (either increasing or decreasing) were associated with changes in the risk of HFrelated hospitalization or the occurrence of all-cause death at follow-up. In agreement with this observation, we previously showed that N-terminal pro-B-type natriuretic peptide concentration decreased significantly after surgery in patients with a more effective LV reduction, which in turn was related to the absence of scarring in the proximal anterior LV segments [22] . Future studies are needed to better understand the relationship between scar location, volume reduction, wall stress improvement, peptide modulation and their reciprocal influence on the outcome.
FUTURE DIRECTIONS
Currently, novel endovascular therapies designed to reduce LV volumes, thereby improving LV wall stress and cardiac performance, are being proposed as an option for patients with ischaemic HF who have not responded to the currently recommended treatment. Among these, the largest experience to date is with the Parachute device (CardioKinetix Inc., CA, USA), which is implanted through a transfemoral retrograde transaortic approach in the LV and is devised to exclude the akinetic scar in the previous anterior MI. The Parachute device was shown to consistently reduce LVESVI and symptoms at 1 year and to improve exercise tolerance [42, 43] . Larger series are needed to make robust conclusions.
CONCLUSIONS
SVR was strongly criticized after the results from the STICH trial that called into the question its added value in this high-risk population of patients with ischaemic HF. American surgeons are reluctant to use the procedure, which has been substantially abandoned. Indeed, several limitations have led to significant clinical uncertainty in making such results generalizable. The STICH investigators enrolled a small percentage of the eligible population (about 20%), not fully representative of daily clinical practice, sharing this limitation with most of the randomized clinical trials. Furthermore, in the STICH trial the concomitant registry designed to follow eligible patients who were not randomized was abandoned straightaway. Lastly, the final decision to randomize patients to SVR has been left to surgeons with different degrees of surgical expertise.
While waiting for further deep analysis of the STICH data, the 2018 Task Force of the European Society of Cardiology/European Association for Cardio-Thoracic Surgery still recommends SVR at the time of CABG in selected patients operated on in centres with a high level of surgical expertise [35] .
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